This study investigates the residual stress and deformation induced in a consolidated structure obtained through a layered manufacturing process. In this research, temperature and dynamic stress induced in the substrate during a selective laser melting (SLM) process were measured to investigate the influence of laser irradiation conditions on the development of residual stress and deformation in the consolidated structure. The stress was measured using a strain gauge that was attached on the bottom face of the substrate, whereas the temperature was measured using a thermocouple inserted in the substrate. The influences of the substrate height, consolidated structure height, and laser scanning pattern on the deformation and residual stress also were investigated experimentally. Additionally, the effects of different materials used as the substrate on deformation were investigated. It was found that during the laser consolidation process, temperature changes in the substrate caused repeated thermal expansion and shrinkage within the substrate, producing internal stress at the completion of the laser consolidation process. The stress that was induced in the substrate corresponds to the deformation result. Residual stress at the top of the consolidated structure increased whereas residual stress at the bottom of substrate decreased as the height of the consolidated structure increased. However, less deformation occurred when using stainless steel as the substrate.
Introduction
Recently, with the diversification of market needs, product life cycles have become shorter, requiring manufacturing industries to reduce costs and shorten production development times. In the late 1980s, as the processing capabilities of personal computers improved significantly and three-dimensional (3D) computer-aided design (CAD) and computer-aided manufacturing (CAM) systems grew in popularity, concurrent engineering (1) through the sharing of CAD data was proposed and became an established production method (2) . The layered manufacturing process, however, can reduce production development time significantly. Layered manufacturing is a process in which objects are constructed through the sequential deposition of material layers. 3D CAD data are converted into thin layers of cross-sectional data, a laser beam is used to embody the cross-section design, and the part is built up layer by layer (3) . This method can be classified as stereolithography, powder sintering, and others according to the material used (4) . During its early development, because of material limitations, the layered manufacturing method was primarily used for rapid prototyping (RP) to verify the shape of the 3D model. However, in recent years, methods of rapid manufacturing (RM) and rapid tooling (RT) have gained attention (5) . RM is a method for producing a product directly using the same material powder as in the actual product; RT is a method for producing a mold directly. Moreover, to improve the surface roughness of the fabricated structure, a hybrid machine that combines the laser consolidation and milling processes and produces injection molding with high accuracy has been developed and practically applied (6) .
In the selective laser melting (SLM) process using metal powder, a thin layer of metal powder is deposited on a sandblasted substrate and a laser beam is irradiated on the surface of the deposited powder according to the CAD data. As the laser beam irradiates the deposited metal powder, the powder melts, followed by the cohesion and solidification of the molten metal. During laser irradiation, the temperature of the irradiated area is heated suddenly to more than 1500 °C (7) , and when the laser moves from the irradiated area, the area cools rapidly. After sintering of one layer is finished, the pre-solidified layer undergoes the melting, cohesion, and solidification processes during the laser consolidation of the next layer. These processes are repeated until the final shape is obtained. Therefore, the internal stress within the consolidated structure is complex, and it induces residual stress within the consolidated structure and leads to deformation and dimensional changes (8) (9) . Until now, problematic deformation and dimensional changes have been suppressed through countermeasures such as increasing the stiffness of the substrate by increasing its thickness (10) and reducing the thermal gradient by random laser scanning (11) , although these steps are symptomatic treatments. A method for remedying the cause of the residual stress induced within the consolidated structure has not yet been proposed.
Previous authors have measured the residual stress within the consolidated structure obtained through layered manufacturing and investigated the relationship between laser scanning and substrate conditions and the residual stress (10) (12) . Understanding the development of residual stress and deformation is important for reducing the residual stress and the deformation within the consolidated structure. Therefore, in this research, in-process monitoring of temperature and stress at the substrate was proposed to investigate the temperature and stress behavior during the laser consolidation process. Additionally, the influences of different consolidation conditions such as the laser scanning pattern, substrate height, consolidated structure height, and types of substrate material on residual stress and the deformation of consolidated structure were investigated. Indirectly, these results could lead to methods for reducing residual stress and the deformation of consolidated structures.
Properties of consolidated structure

Layered manufacturing process
A milling-combined laser consolidation machine (Matsuura Machinery Corp.: LUMEX 25C) was used to prepare the experimental samples. The layered manufacturing process used was the selective laser melting process, which is illustrated in Fig. 1 ; the laser consolidation conditions are summarized in Table 1 . In the process, the substrate that is used as the consolidation base is first sandblasted with #45 average-size alumina abrasive grain to improve the wetting property of the melted powder (13) . The system consists of a powder Properties of the metal powder are described in Table 2 . It is a mixture of 70% chromium molybdenum steel powder, 20% copper alloy powder, and 10% nickel powder by weight, with a mean diameter of 25 µm. During the laser consolidation process, metal powder is deposited under the action of gravity only. The bulk density of metal powder is 4190 kg/m 3 , representing about 50% of the true density value (14) . Table 2 Specification of metal powder Table 3 summarizes the physical properties of the consolidated structure obtained through the layered manufacturing process. The hardness was measured using a micro-hardness tester (Akashi Corp.: HM-101); the thermal conductivity, using a standard The bulk density was determined by measuring the mass and volume of the consolidated structure using an electron analytical balance (Shimadzu Corp.: AUX220). As shown in Table 3 , the hardness of the consolidated structure is 275 HV. The hardness of the consolidated structure is smaller than that of the main material in the solid state, owing to the pores and partial melting that occurs during the laser consolidation process (15) . The density of the consolidated structure is 7680 kg/m 3 , and the thermal conductivity is 8.0 W/m·K, which is much smaller than the value in the solid state of the main material. Furthermore, the coefficient of thermal expansion is 7.6 × 10 -6 K -1 . Table 3 Properties of consolidated structure
Properties of consolidated structure
Experimental procedure
Test sample
The test sample used in this research is illustrated in Fig. 2 , and the dimensions are described in Table 4 . As shown in the table, the substrate used as the consolidation platform is composed of carbon steel (AISI 1050) and stainless steel (AISI 304) with height (h s ) ranging from 5 to 30 mm. The plane size of the substrate is constant at 49 × 9 mm, whereas the plane size of the consolidated structure, which is built at the center of the substrate, is 45 × 5 mm. The thickness of each layer of the deposited metal powder is constant at 50 µm, and the height of the consolidated structure (h c ) varies from 1 to 30 mm. Three laser scanning patterns were used in this research to produce the consolidated structure. A schematic illustration of the top view of the laser scanning patterns is shown in Fig. 3 . For all layers, laser scanning along only the x-axis is identified as X-X, and along only the y-axis, as Y-Y; shifting laser scanning along the x-axis and y-axis after one layer is identified as X-Y. These three patterns use raster scanning. 
Measurement of temperature and stress
To measure temperature and stress in the substrate during the laser consolidation process, thermocouples and strain gauges are attached at the substrate positions specified in Fig. 4 . The specifications of the thermocouples and strain gauges used in this experiment are described in Table 5 . Type K sheathed thermocouples (MISUMI Corp.: MSND1.6-50) were used to measure the temperature; these were located at three different positions, denoted by T1, T2, and T3 in the figure. The strain gauges (Kyowa Elec. Inst. Co., Ltd.: KFG-2-120-C1-11) were attached just below the thermocouples at the bottom face of the substrate, and are indicated by S1, S2, and S3. Output voltages of the thermocouples and the strain changes during the laser consolidation process were recorded using a digital oscilloscope, and the temperature and stress were calculated from these values. Table 5 Specification of strain gauge and thermocouple
Measurement of deformation and residual stress
Deformation of the consolidated structure can be measured using a CCD laser displacement sensor (Keyence Corp.: LK-080) by scanning the bottom face profile of the substrate. As shown in Fig. 5 , the deformation height, h d , is determined by measuring the maximum height from the curvature profile of the substrate's bottom face. In addition, residual stress at the surface of the consolidated structure and residual stress at the bottom face of the substrate were measured using an x-ray diffraction stress measurement device (Rigaku Corp.: PSPC-MSF) (16) . Table 6 shows the x-ray diffraction conditions. In this experiment, x-rays with a wavelength of 0.229 nm were applied at the sample surface and, using the ISO-inclination method, the γ-Fe(220) diffraction (for the surface of the consolidated structure) and α-Fe(211) diffraction (for the bottom face of the substrate) were measured. The peak position used for the x-ray diffraction stress measurement was the full width of half maximum (FWHM) middle point, which was determined using a computer. Moreover, the fixed ψ 0 method was employed for the ganiometer and a range of angles between the normal of the diffracting plane and the normal of the sample (ψ = 0-45°) was used in the measurement. Furthermore, to reduce measurement error due to the surface roughness of the sample, a 4-mm-wide collimator beam was used at the surface of the consolidated structure and a beam of 2 mm in diameter was used for the bottom face of the substrate. Because the grain size of stainless steel is high, it is necessary to increase the diameter of the collimator. 
Results and discussion
Changes of temperature and stress during laser consolidation process
The temperature and stress histories of the substrates at specified positions during the laser consolidation process are shown in Fig. 6 , and those histories at the 29 th and 30 th layer are magnified in Fig 7. As indicated in Fig. 6 , an increment in temperature and an increment in compressive stress were measured in the first 15 layers of the consolidation process; for each layer, a pair of values representing the increment and decrement in temperature and stress, which are influenced by the laser irradiation, are given.
After the 15 th layer, the temperature increment and decrement continue to fluctuate, but the overall temperature is maintained at a constant value. However, it was found that temperature at the edge of the substrate (T1) is about 30 °C lower than the temperatures at the inner positions (T2 and T3). During this period, stress at the edge of the substrate (S1) is almost constant, but the compressive stresses at the inner positions (S2 and S3) decrease with an increasing number of consolidation layers. The occurrence of a temperature difference between the edge and the inner positions is considered to be the result of the total heat-energy input from laser irradiation and the conduction characteristics of the consolidated structure. For each layer, laser scanning starts near the substrate edge, and therefore, the heat input is small and the temperature at this position is lower than that at the inner positions.
As a result, it can clearly be seen from Fig. 7 that the temperature of T1 is lower than that of T2 and T3. From this figure, it is found that the temperature and the stress of the substrate are inversely proportional. During laser irradiation, the temperature rises and the irradiated area undergoes thermal expansion. In contrast, the bottom face of the irradiated layer simultaneously shrinks. As soon as the laser moves, the surface of the irradiated area is cooled and shrinks, whereas the bottom face expands. Additionally, a small difference between the stress value at the edge and at the inner positions was also detected.
Referring back to Fig. 6 , after the laser consolidation process is finished (60 th layer), the upper surface of the substrate cools down and the temperature drops to room temperature. Simultaneously, the compressive stress gradually decreases. At this point, when the entire plate reaches room temperature, S3 stress is the highest, followed by S2 and S1. This result corresponds to the deformation height from the curvature profile of the substrate. Figure 8 shows the measurement of the deformation height when a structure with varied consolidated structure height was fabricated on a 20-mm-high carbon steel substrate. As shown in the figure, deformation at the bottom surface of the substrate increases as the consolidated structure height increases. The deformation becomes almost constant when the consolidated structure height exceeds 20 mm. This is because the bending stiffness becomes greater when the consolidated structure height increases. Furthermore, Fig. 9 shows the relationship between the substrate height and the deformation when the consolidated structure height is held constant at 6 mm. From the figure, it is found that the deformation height decreases when the substrate height increases, and the deformation height is about 11 µm when the substrate height is 30 mm. This is also due to the increase in bending stiffness when a thicker substrate is used. However, the occurrence of a small deformation caused by using a thick substrate is affected by the yield stress of the substrate material.
Effects of consolidation conditions on deformation
In the layered manufacturing process, a consolidated structure can be obtained by irradiating a laser on the surface of deposited metal powder. The powder is heated by the laser beam and melted, and then the melted powder solidifies when the laser beam moves away from the irradiation area. At this time, the pre-solidified layer is also heated and melted, and it mixes with the melted deposited powder within the molten pool (13) . Moreover, because the bottom of the molten pool is expanded because of rapid heating during laser irradiation, the consolidation surface softens and exceeds the yield stress; when the laser beam is moved, this surface is rapidly cools and returns to the original state. Through these actions, residual stress is induced at the consolidation surface. This phenomenon is the main factor leading to deformation in the layered manufacturing process. Figures 10 and 11 show the measurements of residual stress at the top surface of the consolidated structure and the bottom face of the substrate at different consolidated structure heights. As shown in Fig. 10 , residual stress at the top surface of the consolidated structure increases with respect to the consolidated structure height. Residual stress at the top surface of the substrate increases from 76 to 160 MPa when the consolidated structure height changes from 3 to 12 mm. In contrast, residual stress at the bottom face of the substrate decreases as the consolidated structure height increases. As shown in Fig. 11 , the residual stress value decreases from 400 to 290 MPa when the consolidated structure height varies from 3 to 12 mm. Figures 10 and 11 show that the residual stress at the bottom face of the substrate is higher than that of the top surface of the consolidated structure.
Effects of consolidation conditions on residual stress
In addition, a correlation between the residual stress at the top surface of the consolidated structure and the residual stress at the bottom face of the substrate was discovered. Both figures indicate that the total value of the residual stress at both surfaces is nearly constant for each consolidated structure height. Although the residual stress on the consolidated structure surface is small when the height is low, higher residual stress accumulated at the bottom face of the substrate due to the rapid heating and cooling processes. However, residual stress at the consolidated structure surface also increased when the consolidated structure height increased. Thus, to overcome the stress, residual stress at the bottom face of the substrate decreased. These results indicate that the laser consolidation process on metal powder inevitably generates residual stress within the consolidated structure because of repeated cycles of thermal expansion and shrinkage due to rapid heating and cooling. These effects may also cause deformation. To prevent this problem, it is necessary to select consolidation conditions and a substrate material that can minimize the development of residual stress.
Effects of laser scanning patterns on deformation
The temperature and stress histories of the substrate during the laser consolidation process using different laser scanning patterns are shown in Fig. 12 . The temperature histories show that the substrate temperature is higher when performing laser scanning 
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Vol. 7, No. 2, 2013 along the y-axis (Y-Y) compared to the X-Y and X-X patterns. Furthermore, after the completion of the laser consolidation process and the return to the room temperature, the induced stress is highest with the Y-Y pattern, followed by the X-Y and X-X patterns. This result corresponds to the deformation result, which is shown in Fig. 13 . The Y-Y pattern resulted in the highest deformation (160 µm). In contrast, the X-X pattern, which had the smallest stress at the end of the laser consolidation process, produced the smallest deformation compared to the scanning patterns of Y-Y and X-Y. These results are in accordance with the consolidation plane shape used in this research, which is a rectangle. Therefore, in this case, laser scanning a sector along its width induced lower temperature and stress, and led to less deformation. 
Effects of substrate material on deformation
To investigate the effect of substrate material on deformation, carbon steel (AISI 1050) and stainless steel (AISI 304) were used as the substrate during the laser consolidation process. The temperature of the substrate was monitored using a thermocouple inserted into the substrate at a point 2 mm from the top surface, and the stress produced in the substrate was measured using a strain gauge, which was attached at the bottom face. The temperature and stress histories during the laser consolidation process are shown in Fig. 14 . Consolidation conditions used in this experiment were the same as shown in Table 1 , except that the laser scanning speed was set at 222 mm/s to achieve a higher laser-energy density because the consolidated structure was not well fused with the stainless steel substrate at a low energy density. The substrate height and the consolidated structure height used were 20 and 3 mm, respectively. During the laser consolidation process, it was found the expansion and shrinkage of the stainless steel substrate changed drastically compared to that of the carbon steel substrate. This was because the linear expansion coefficient of stainless steel is about 1.5 times that of carbon steel. The temperature variation in both substrates follows the same pattern, which was described in §4.1. It was found that the temperature was higher with stainless steel as the substrate than it was with carbon steel as the substrate, even under the same consolidation conditions. The average temperature difference between both substrates was about 50 °C. This result was influenced by the thermal conductivity of the substrate materials. The thermal conductivity of stainless steel is about 1/3 that of carbon steel; material with lower thermal conductivity will produce a higher temperature because it is difficult to conduct heat around it. The temperature of each layer irradiated by the laser beam during the laser consolidation process is almost constant (7) . As the number of consolidation layers is increased, the entire part is heated, which could cause a smaller temperature difference between the irradiated layer and the stainless steel substrate compared to the temperature difference between the irradiated layer and the carbon steel substrate. After the laser consolidation process is completed and the substrate reaches room temperature, the stress becomes constant; in the stainless steel substrate, the stress value was lower than it was in the carbon steel substrate. This result corresponds to the deformation result shown in Fig. 15 . The laser consolidation process using carbon steel as the substrate resulted in a deformation height of 158 µm, whereas the deformation was 99 µm for the stainless steel substrate. Therefore, utilization of stainless steel as the substrate can reduce deformation by about 40% compared to carbon steel. 
Conclusions
Residual stress development within a consolidated structure and the reduction of residual stress were experimentally investigated. The results can be summarized as follows:
1. During the laser consolidation process, the temperature change in the substrate causes repeated thermal expansion and shrinkage within the substrate, which results in internal stress after the process is complete. The induced stress corresponds to the substrate deformation. 2. Deformation of the consolidated structure increases with respect to the consolidated structure height and becomes constant at a certain height, whereas it decreases as the substrate height increases. These results were influenced by the bending stiffness, and the yield strength of the substrate is almost constant. 3. Residual stress at the top surface of the consolidated structure increases whereas residual stress at the bottom face of the substrate decreases as the consolidated structure height increases. 4. Laser scanning of a sector along the width induces less stress after the completion of the laser consolidation process, leading to less deformation. 5. Less deformation occurs using stainless steel as the substrate in the laser consolidation process than when using carbon steel as the substrate. This is due to the different thermal conductivities and linear expansion coefficients of the materials used as the substrate.
